In this talk I discuss the construction of Simplified Models for Dark Matter searches at the LHC. After reviewing the phylosophy and some simple example, I turn the attention to the aspect of the theoretical consistency of these models.
Introduction
The most studied solutions to the "naturalness" problem of the Standard Model rely on the existence of some new physical phenomena at the TeV energy scale. Essentially all of the naturalness-inspired scenarios can accomodate the presence of a good Dark Matter candidate: a neutral and very long-lived particle that was copiously produced in the early universe and then lost thermal contact with the SM (if it ever occourred) leaving a relic density Ω DM ∼ 0.26 of cold particles. The LHC is a perfectly suited machine to look for this kind of particles, and current bounds from Atlas and CMS complement those from direct and indirect searches. Given the plethora of particle physics model beyond the SM providing a WIMP candidate, it is highly desirable to study the signatures of this DM candidate in a model-independent way. In this sense, the simplest approach is that of relying on a set of non renormalizable operators, that parametrize the interaction of the DM particle with SM fields in terms of one effective scale Λ, in addition to the DM mass m χ 1 . This approach was widely used for early Run-I analyses, and has the great advantage of giving bounds that are as model-independent as possible: if we consider a single effective operator and we extrapolate the EFT to high energies, the potential number of WIMP models is reduced down to a relatively small basis set. Since direct and indirect detection of WIMPs, as well as WIMP production at the LHC, all require an interaction of the WIMPs with the SM particles, and such an interaction may be generated by the same operator, the EFT approach has the additional advantage of facilitating the analysis of the correlations between the various kinds of experiments.
Despite its advantages, the EFT description has the drawback of an intrinsic energy limitation. At energies larger than Λ, which can be regarded as the cutoff of the effective theory, predictions become unreliable because of spurious effects such as violation of perturbative uni-tarity. In general, if the EFT is regarded as the low energy limit of a theory with a heavy mediator of mass M , the cutoff is obtained as Λ 2 ∼ M 2 /g 2 , where g is some combination of the coupling constants, and the theory is valid up to p 2 M 2 ∼ Λ 2 , where p 2 is the momentum exchanged in the process, and in the last passage we have assumed g ∼ 1. a While this constraint is normally satisfied in Direct and Indirect probes, at the LHC the typical value of the momentum exchange is larger than the values of Λ that can be excluded within the EFT framework, making the naïve EFT bounds unrelaiable except for values of the couplings close to the perturbative bound g 4π 2,3,4 . If smaller values are assumed, a recasting procedure must be adopted to rederive the bounds considering only a fraction of the events in the simulation that correspond to those which fullfil the requirement on the momentum 3, 5 .
In more recent years, the LHC community has turned its attention to the toolkit of simplified models. The idea of simplified models was firstly adopted in the context of Supersymmetry searches, as a way to grasp the most relevant features of different SUSY models which have similar signatures at colliders. Such models are characterized by the most important state mediating the interaction of the DM particle with the SM, as well as the DM particle itself. Including the effect of the mediator's propagator allows to avoid the energy limitation of the EFT, and the simplified models are able to describe correctly the full kinematics of DM production at the LHC, at the price of an increased number of parameters. The effective scale Λ is traded in for the mass of the mediator and a handful of coupling constants, which poses important questions about the best way to constrain the parameter space and to present results. An additional advantage of simplified models over the EFT approach is that they allow to exploit the complementarity between different LHC searches, such as searches for narrow resonances in the di-jet channel or di-jet + MET searches.
In this contribution we are first going to describe the construction of DM simplified models from a bottom-up approach, following the way these models were developed by the community. Secondly, we are going to highlight some of the theoretical issues that are present in the most naïve construction, that are leading to a new generation of a "less simplified" models built on more stable theoretical grounds. The first part of this discussion will follow the presentation of the early white papers on the subject 6, 7, 8 , as well as the final report of the ATLAS-CMS DM forum 9 , that gathered together more than 100 people with the goal of defining recommendations for well-defined and exhaustive benchmark models and encouraging communication between experimentalists and theorists working on collider physics (and possibly other probes). The discussion will be based on the presentation of 10 . For additional reference on the subject of simplified models and DM searches at the LHC in general we recommend the reading of 11, 12 .
Phylosophy of simplified DM models
As in the case of the EFT, the idea beyond simplified models is to provide a good representation of possibly all realistic WIMP scenarios within the energy reach of the LHC, restricting to the smallest possible set of benchmark models, each with the minimal number of free parameters. Simplified models should be complete enough to give an accurate description of the physics at the scale probed by colliders, but at the same time they must have a limited number of new states and parameters. More over, they should satisfy all constraints posed by low-p T analysis, such as those coming from flavour physics. A simple recipe for simplified model building is:
• The Lagrangian must contain a stable DM candidate and a mediator that couples it to the SM. All additional states should be decoupled if not necessary for the consistency of the model itself.
• The Lagrangian should contain all renormalizable terms consistent with Lorentz invariance, gauge symmetry and DM stability.
• Ad hoc simplifications may be achieved by setting some parameters to zero or taking some of them to be equal, but this should be implemented in such a way that the phenomenology is not totally altered, in order not to prejudice the credibility of the constraints on the model itself.
• Interactions that violate the accidental global symmetries of the SM model (both exact and approximate) must be handled with great care. Indeed, constraints on processes that violate these symmetries are typically very strong, and may overcome those coming from DM searches or even rule out all of the interesting parameter space of the simplified model. For this reason, lepton and baryon number conservation is typically assumed, together with Minimal Flavour Violation (MFV). Even with this assumption, there are cases in which constraints from flavour physics may be stronger than those coming from mono-X searches 13 (see also 14 for a discussion of a non-minimally flavour violating dark sector).
Most simplified models of interest may be understood as the limit of a more general newphysics scenario, where all new states but a few are integrated out because they have a mass larger than the energy scale reachable at the LHC or because they have no role in DM interactions with the SM. Similarly, in the limit where the mass of the mediator is very large, the EFT framework may be recovered by integrating out the mediator. On the contrary, there are new physics models which can not be recast in terms of simplified models, typically because more than just one operators are active at the same time, and possibly interfere with each other.
It should be noticed that the correspondence between simplified models and EFT is not one to one. Different simplified models may give rise to the same effective operator after some Fierz rotation, as pointed out in 5 with the example of a Z model and of a SUSY-inspired model with coloured scalar mediators in the t-channel.
From the point of view of LHC searches, the enlarged physical spectrum and parameter space of full new physics theories with respect to simplified models, and of the latter with respect to the EFT, lead to a greater variety of possible search channels. While within the EFT approach the mono-X searches give the best sensitivity, simplified models of DM can be constrained also with multi-jet + MET searches, with di-jet resonance searches and others, depending on the degree of sophistication of the model. To summarize, on the good side the additional degrees of freedom in going from the EFT to simplified DM models and to full theories allow to put limits on the DM properties by exploiting new search channels and the complementarity with other experimental searches; on the bad side, it involves more model dependence and requires care in the choice of the parameters and in the presentation of results.
Simple construction
The first set of simplified models we want to consider is the one where the DM interacts with quarks through the exchange of a mediator in the s-channel. Assuming the DM particle χ to be a fermion (either Dirac or Majorana), and assuming CP-conservation, the Lagrangian of our models are
,
where S, S , V, V stand for a scalar, a pseudo-scalar, a vector or an axial-vector mediator respectively, q = u, d and i, j = 1, 2, 3 are flavor indices. As concerns the mediator couplings to quarks, the existence of off-diagonal coupling is tightly constrained by various FCNC processes. For this reason, a good choice is to force the couplings to be diagonal: g ij q = g i q δ ij . As a further simplification, one could fix the couplings to be flavour blind g
or take the coupling to the third generation to be stronger than the others. Common benchmarks for the vector (V) ad axial vector (A) models are 15 :
It should be noticed that the scalar and pseudo-scalar models of Eq. 1 are not gauge invariant. This may lead to spurious results in processes where a W/Z boson is emitted, but results of jets + MET searches are expected to be only mildly affected by this issue 15 . Moreover, in the axial vector model perturbative unitarity is violated in a large portion of parameter space 16 , and the indication of where the violation happens should be clearly shown when presenting constraints on this model. We will return to these issues in section 4.
Constraints on s-channel simplified models have been obtained by numerous groups, in particular for exchange of a vector mediator (scalar mediators are more problematic, see the discussion in section 4). In the mono-jet channel, the analysis in 6 shows that, for M med 2m χ , the LHC at 14 TeV with 300 fb −1 is sensitive to O(1) couplings only for m χ O(100 GeV), while for m χ ∼ 1 TeV it is sensitive only to couplings of order g χ · g q 10.
Mono-jet and mono-X constraints are discussed in details in 17, 18 , in which a rescaling procedure is proposed in order to set limits on the model's couplings in the plane m DM − M med without the need of a threedimensional scanning. In 19,20 mono-jet searches are compared to dijet searches (see also 21 ), direct detection limits, dark matter overproduction in the early universe and constraints from perturbative unitarity.
A very interesting phenomenology arises in the case where the couplings to third generation quarks is larger than the couplings to the first two. This may happen for example in models in which a scalar mediator is exchanged and MFV is assumed. The Yukawa couplings of the mediator are then proportional to the fermions' mass, resulting in an enhanced coupling to b and t quarks. Because of the peculiar signature of events with these quarks in the final state, very strong constraints on these models come from searches for one or two b-tagged jet + MET and tt + MET (see 22 for an early proposal within the EFT framework and 23,9 for a discussion in terms of simplified models).
An interesting possibility is that the scalar mediator of the DM-SM interaction is the Higgs boson itself, as it happens in the "Higgs portal" models (see e.g. 24 ). Many manifestations of Higgs portal models would lead to a reduction or suppression of the Higgs boson couplings to SM particles, in favor of its interactions with new particles 25 . Precision measurements of the Higgs couplings that can be undertaken in future LHC phases and future accelerators can further constrain Higgs portal models 26 . Alternatively, the Higgs' coupling to DM can be constrained by measurements of the Higgs partial width to invisible particles. Current ATLAS and CMS limits on invisible Higgs decay at the 95% C.L. are around 70%; they are expected to decrease to 20-30% by the end of the 300 fb −1 LHC run 27 . Another interesting possibility is that of a coloured fermionic mediator with an interaction vertex between quarks and the WIMP resulting in a t-channel exchange, as with squark in supersymmetric models.
where
i R correspond to the respective squarks, and i represents a flavour index. Unlike the usual case in Superysmmetry, here the WIMP χ can be taken to be either Dirac or Majorana fermion. This model is extensively analysed in 28 , and a comparison with its effective operator limit is performed.
Two interesting features of this model are worth listing, that makes it qualitatively different from its low energy EFT limit. Firstly, being the squarks coloured, gluons may be emitted not only as initial state radiation but also from the mediator itself. This process is suppressed in the EFT limit by two powers of M med , and this make a large qualitative difference in the kinematic distribution within the simplified model and the corresponding operator. Secondly, when the mediator is light enough, its pair production becomes kinematically accessible, and an event like p p →→ qχ qχ leads to a di-jet + MET signature (or in general jets + MET, when additional jet radiation is taken into account). It was shown in 28 that, on a large portion of parameter space, this kind of signature with two high-p T jets leads to constraints stronger then the mono-jet one, even when the effect of additional sub-dominant jets is taken into account. More over, the effect of off-shell q production is important, and the effect of a finite width should be taken into account.
Simplified models -a critical look
The list of simplified models presented in the previous section was constructed keeping in mind the EFT approach and its limitations. In this sense, simplified models can be viewed as an improvement of effective operators, where the effective scale Λ 4 is replaced by a propagator's denominator (p 2 − M 2 ) 2 + Γ 2 M 2 in order to avoid energy limitations and exploit resonance enhancement in the production cross section. In a bottom-up approach, this is a small step above. As soon as we start looking at it more carefully, anyway, the situation turns out not to be so simple.
The first problem lies in the fact that the simplified models of Eq. 1 are not invariant under the full SM gauge group SU(3) c × SU(2) L × U(1) Y but only under the unbroken subgroup SU(3) c × U(1) e.m. . This is true for models with a scalar mediator (in which Yukawa couplings break SU(2) L ), and for models with a vector mediator in which the couplings to up and down quarks are different (so that the mediator does not couple to the left handed quark doublet but to its two components separately). Violation of the electroweak gauge symmetry can lead to spuriously enhanced cross section for DM production with the initial state radiation of a W boson 29, 30 . This problem does not only affect the mono-W searches: the W can indeed decay hadronically, enhancing the signal in the mono-jet search. For example, in the case of a vector mediator with opposite sign couplings to up and down quarks, this process dominates the mono-jet cross section for / E T > 400 GeV 31 . This means that, even when restricting to a particular MET search, constraints descending from the internal consistency of the model can not be neglected.
There are of course ways to cure the models by adding new particles or new interactions. Again referring to the case of a vector mediator, different couplings of the up and down quarks can be made compatible with perturbative unitarity if an appropriate vertex W W Z is added (where Z is the new vector mediator), in similarity to what happens for the Z boson in the SM. The situation is more complex in the case of the scalar mediator. There gauge invariance can not be simply restored with a choice of the couplings. The reason is that a singlet S can couple to DM but not to quarks, while if S is a doublet it can couple only to quarks, but not to DM. A possible solution is to add a mixing of S with the Higgs boson, via a quadrilinear term H † HS 2 . In this case, constraints on the Higgs width to invisible particles and direct detection force the mixing angle ε (and therefore the coupling g q ∼ sin ε) to be very small, making LHC constraints weak. In turn, this may be overcome by adding to the model a second Higgs doublet and letting S mixing with it, but then again the phenomenology is altered (seee.g. 32, 33 ).
A second issue is again related to perturbative unitarity. Let us consider a model with a spin-1 mediator with both vectorial and axial couplings to DM and to quarks:
Once applied to the elastic scattering of fermions (both SM fermions or DM) the perturbative unitarity bound on this model reads m f m Z /( √ 2g A f ) 16 , where f may stand for both a SM fermion or the DM particle. In a similar way, perturbative unitarity is violated in the process of 2 fermions annihilation into Z Z , which is important for the calculation of the relic density. In order to restore unitarity new physics has to be invoked. In particular, what violates unitarity is the longitudinal mode of the Z boson, therefore the addition to the model of a scalar particle that give rise to its mass via Higgs mechanism would serve the purpose. In this case, the condition on the mass of the Z would read
where m s is the mass of the new scalar. Notice that, in any case, the problem of unitarity affects only the axial coupling of the Z , while the vector coupling g V f is not affected by these constraints (which indeed become trivial in the limit g A f → 0). In the example of a Z gauge mediator, not only an additional Higgs boson s is necessary to give mass to the Z and to cure the unitarity issues, but also the SM Higgs boson must be charged under the new gauge group for the Yukawa couplings to be gauge invariant. As discussed in 34 , this leads to the necessary presence of a Z Zh vertex. While one can, to a certain extent, ignore these complications at the LHC, this is not possible for indirect searches since tree level annihilation into Zh 34 and Zs 35 are easily the dominant channels, together with loop annihilation into EW gauge bosons. More over, leptonic annihilation channels ¯ are at least as important asones, and the coupling of the mediator to leptons can not be ignored as it is typically done for LHC searches. The same is true for the calculation of the relic density.
We would like to spend a last comment on the issue of gauge anomalies. If the interaction of DM with SM fermions is due to an extended gauge symmetry, in order for the theory to be consistent at the quantum level the charge assignment under the new gauge group has to be decided in such a way that gauge anomalies are avoided. Alternatively, additional heavy fermions may be added to the model. If they are heavy enough, their impact on LHC searches is negligible, and the details of this part of the dark sector can be ignored. Unfortunately this is not the case when we want to compare LHC results with those from indirect searches: in the latter, indeed, loop annihilation channels are relevant, but these can not computed including SM fermions alone because divergences do not cancel, and the full knowledge of the dark sector is needed 34 (see also 36, 37 ).
Conclusions
In the way they were originally introduced, simplified models were meant to be a small step beyond the EFT approach, in such a way to avoid their intrinsic energy limitation and to exploit resonant production of the mediator in order to improve the constraining power of LHC searches. It was successively realised that, in order not to deal with unphysical results, the vanilla picture had to be supplied with additional constraints, couplings and states, in a kind of second order improvement. On the one hand, the typical consequence is that the strong LHC constraints on the dark sector do not come from DM production processes (as in mono-X searches) but from other observables (di-jet and di-lepton resonances, mixing with Z boson and electroweak precision tests, Higgs width to invisibles, perturbative unitarity etc. 20 ). This comes with no surprise, since the high energy reach of the LHC consents to explore a large variety of phenomena above the weak scale, without restricting to the lightest stable state of this new physics sector. This is quite the opposite with respect to what happens with direct and indirect searches, which are intrisically limited to constrain the properties of the DM particle. On the other hand, simplified models can not (or only partially) be viewed as an exhaustive toolbox to constraint all possible WIMP scenarios at once. For this reason, it is of extreme importance that the LHC collaborations publish their results on simple, search-specific, models in such a way that they are recastable for any other model (as it is for cut-and-count analyses). In turn, theoreticians should keep working in close contact with experimentalists in order to maximise the utility of the simplified models toolkit. Finally, the use of (truncated) EFT should not be disregarded, since this is the most model independent approach and it is economical from the point of view of the computational effort because of the reduced dimensionality of its parameter space (and therefore of parameter scannings).
